ABSTRACT: We simultaneously measured the absorption and emission of single conjugated polymer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) molecules in a poly(methyl methacrylate) (PMMA) matrix using near-critical xenon to enhance the photothermal contrast for direct absorption measurements. We directly measured the number of monomers and the quantum yield of single conjugated polymer molecules. Simultaneous absorption and emission measurements provided new insight into the photophysics of single conjugated polymers under optical excitation: quenching in larger molecules is more efficient than in smaller ones. Photoinduced traps and defects formed under prolonged illumination lead to decrease of both polymer fluorescence and absorption signals with the latter declining slower.
C onjugated polymers represent an important class of organic materials widely used in applications such as organic light emitting devices (OLEDs), 1 solar energy conversion, 2 thin-film transistors, and chemical sensors. 3, 4 It is widely accepted that the optical and electrical properties of conjugated polymer chains strongly depend on their microscopic structure and on their local surroundings. 5, 6 Over the past decades, with the help of single-molecule fluorescence spectroscopy, 7 extensive studies have been carried out aiming to clarify the optical properties of conjugated polymers. 6 Barbara's group first applied single-molecule spectroscopy to single conjugated polymers PPV−PPyV in polystyrene. 8 Surprisingly, they found that a single conjugated polymer that consists of many chromophores can behave like a single emitter. After many factors were examined, they concluded that efficient intrachain energy transfer accounts for the singleemitter behavior. Since then, many approaches based on singlemolecule fluorescence spectroscopy have been proposed and applied to conjugated polymers. A common approach is to measure the fluorescence time traces of single polymer chains 9, 10 under different experimental conditions such as different chemical structures, molecular weights, solvents, matrixes, and sample preparations. 9,11−13 Another important approach is the fluorescent excitation and emission polarization anisotropy measurements on conjugated molecules, combined with computer simulations, 5 to characterize the anisotropic conformation properties 14, 15 and energy transfer. 16 Room temperature 17−19 and low-temperature single-molecule spectroscopy 11,20−22 measure the spectra of single conjugated polymer molecules to resolve the interaction between chromophores and provide a picture of the landscape of energy transfer. Time-resolved measurements can give information on the fast dynamics of excitons at different intermediate fluorescence intensity levels when fluorescence exhibits blinking behavior. These measurements indirectly yield insight into exciton migration along a single chain and the population of localized domains. 23, 24 Fluorescence correlation spectroscopy has been used to study the solvent effect on the conformation of conjugated polymers in solution, 25, 26 while dynamics of excitons under variable excitation power showed singlet−triplet interaction at the single chain level. 27 By combining far-field and near-field microscopy, researchers proposed to measure the absorption properties of single conjugated polymers. 28 By providing a few nm spatial resolution, atomic force microscopy (AFM) can be exploited to resolve the conformational structure of some conjugated polymer molecules. 29 Most single-molecule spectroscopic studies on conjugated polymers were based on their fluorescence. It has been impossible so far to probe the absorption and nonradiative decay of excitons directly at the single-molecule level. Measurements of fluorescence polarization properties provide information on the anisotropy of the relative fluorescence excitation cross-section. Absolute value of the fluorescence excitation cross-section can be assessed by measuring of fluorescence brightness of single molecules. 30, 31 However, without knowing the fluorescence quantum yield, the absorption cross-section cannot be derived from fluorescence brightness. Therefore, direct absorption measurements are needed to provide complementary information for unraveling nonradiative decay channels of excitons and obtaining new insights into the quenching mechanisms and formation of dark states of conjugated polymer molecules. Such measurements may thus clarify some of the questions that have arisen in previous studies. 30 Photothermal microscopy is a tool for probing the local energy dissipation at the nanoscale. Detection sensitivity has been demonstrated down to single 2.5 nm gold nanoparticles 32 and single dye molecules. 33 Conventional photothermal microscopy relies on high optical excitation powers to reach single-molecule sensitivity. 33 However, such high powers limit the detection to those molecules which resist photobleaching at such harsh excitation conditions. Recently, we have experimentally shown that by using near-critical xenon as the transducing medium, the photothermal contrast of weak absorbers such as small gold nanoparticles can be greatly enhanced. 34 This allows lowering of the excitation power to become more compatible with single-molecule measurements of light-sensitive compounds. In this work, we simultaneously measure the absorption and emission of single poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) molecules in a poly(methyl methacrylate) (PMMA) matrix with an excitation power about 450 W/cm 2 by using near-critical xenon as the transducing medium for the photothermal microscope. Our results yield the number of monomers and the quantum yield of single MEH-PPV molecules and provide valuable information on the radiative and nonradiative decays of excitons in conjugated polymer molecules.
Experimental Details. Simultaneous absorption and fluorescence measurements were performed on a home-built inverted confocal microscope. See Figure S1 in the Supporting Information for the scheme of the setup. A continuous-wave (CW) laser with a wavelength of 488 nm was intensitymodulated by an acousto-optic modulator at 53 kHz and used as the excitation/heating beam to excite the conjugated polymer molecules. A CW laser beam (probe beam) with a wavelength of 815 nm was spatially overlapped with the excitation/heating beam. The two beams were both expanded to fill the back aperture of an oil immersion objective (Olympus PLAPON, 60× , NA = 1.45) and were focused on the sample. The reflected probe beam was collected by a photodiode (Femto DHPCA-100-F), and the signal was demodulated by a lock-in amplifier (SR844, Stanford Research Systems). The demodulated voltage signal gives the photothermal contrast. The fluorescence signal of the polymer molecules was collected by a single-photon-counting avalanche photodetector (SPCM-AQR-16, PerkinElmer), and a set of optical filters was used to remove the excitation and probe beams. The excitation power used in the experiments was typically about 450 W/cm 2 in focus at 488 nm. The probe power in focus was about 3.5 MW/ cm 2 at 815 nm, and the integration time was 30 ms. The gain of the photodiode was 10 000. All these parameters remain the same in our measurements unless noted otherwise.
Cover glasses were cleaned via sonication in acetone, ethanol, and Milli-Q water, separately. Then they were treated with ozone for about 30 min to remove all the possible organic contaminations. MEH-PPV polymers with average molecular weight by number M n ≈ 200 kDa and polydispersity index ≈ 6 (measured by GPC) and PMMA (with molecular weight M w ≈ 996 kDa) were bought from Sigma-Aldrich. PMMA was dissolved in toluene with concentration of about 4 g/L. MEH-PPV was dissolved in chloroform with a concentration of about 0.66 μg/L for typical single-molecule measurements. A droplet of PMMA solution (about 15 μL) was first spin-coated on the clean cover glass to obtain a film about 20 nm thick. Then a droplet of MEH-PPV solution was spin-coated on the PMMA film. Although part of the lower PMMA layer might be dissolved by the chloroform in the MEH-PPV drop-casting solution, we believe that at least some PMMA was still left on the glass because the fluorescence background was clearly different from the case where only MEH-PPV solution was spin-coated on glass. On top of the MEH-PPV film, we spincoated a second PMMA layer with a thickness of about 20 nm to form a sandwich-structure sample (see the scheme in Figure  1 ). Each spin-coating was performed with a speed of 2000 rpm for 30 s. For the gold nanoparticle sample, we first spin-coated gold nanoparticles on the clean slide and then spin-coated a PMMA layer on the gold nanoparticles with a thickness of about 20 nm.
The cover glass coated with MEH-PPV/PMMA was glued to a home-built high-pressure cell, which left a clear aperture of about 0.75 mm diameter for optical access. 34 The high pressure was applied to xenon gas through thin steel tubes and controlled with an auxiliary device. The temperature of the whole cell was also controlled with a feedback device (see ref 34 for more details). We varied the temperature and pressure of xenon close to its critical point to achieve optimal sensitivity, and we used 20 nm diameter gold nanoparticles to calibrate the photothermal signal (see Figure S1b and c in the Supporting Information).
Results. To find the optimal conditions for the photothermal detection of single conjugated polymer molecules, we carried out measurements on small gold nanoparticles (20 nm in diameter) in xenon under variable temperature and pressure. We found that the best photothermal signals arise when the pressure and temperature of the xenon cell are about 6.26 MPa and 288 K. Note that the optimal conditions may change slightly for different measurements, probably because the purity of xenon in the pressure cell may not be exactly the same every time, even though the cell is flushed with fresh xenon before each measurement. Figure S1b and c show a typical image and the associated histogram of the photothermal contrast for 20 
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Letter nm gold nanoparticles imbedded in PMMA in xenon under circularly polarized 488 nm excitation, when the pressure and temperature were optimized. The mean photothermal signal (with respect to the background) over 40 particles was about 164 ± 27 μV. These data will be used for calibration to deduce the absorption cross-section of single conjugated polymers since the absorption cross-section of a gold nanosphere can be easily calculated using Mie theory (for a 20 nm gold sphere, the absorption cross-section is about 296 nm 2 in PMMA at 488 nm).
We simultaneously measured the absorption and emission of single MEH-PPV molecules embedded in PMMA using the enhanced photothermal setup. Typical confocal images are shown in Figure 2a and b. The excitation beam at 488 nm was circularly polarized in all the measurements discussed below. Single conjugated polymers show both fluorescence and absorption signals, and the spots in the two images are well correlated. The excitation power at the sample is approximately 600 nW, which corresponds to a power density about 450 W/ cm 2 . The photothermal contrast of these polymers under current excitation power is good enough, with an average signal-to-noise ratio (SNR) of about 29. We scanned different regions of the same sample, and we found 177 spots in the fluorescence image, from which 174 correlated spots were found in the photothermal image. The distributions of photothermal and fluorescence signals are shown in Figure  2d and e. Note that these histograms show only spots correlated in both images. The distributions reflect the molecular weight or conformational heterogeneity of the molecules. The distribution of fluorescence intensities, between 1.0 and 1.8 Mcps, appears somewhat narrower than the distribution of absorption strengths, between 10 and 30 μV. Moreover, the absorption distribution is narrower than that of molecular weight indicated by the manufacturer and obtained by gel permeation chromatography (GPC; polydispersity index, PDI = 6). The origin of this difference is unclear. It may arise from sample preparation. We correlated the absorption and fluorescence signals, and the result is shown in Figure 2c . As is clearly seen in spite of the dispersion of data points, the fluorescence brightness of single polymer molecules appears to scale sublinearly with their absorption signal. This sublinear dependence explains the different shape and the narrower width of the fluorescence distribution compared to the absorption distribution.
We can deduce the absorption cross-section of a single polymer and the number of monomers in each polymer based on the photothermal signal of polymer molecules and on the calibration data of 20 nm gold particles (see the Supporting Information). Figure 3a shows the histogram of absorption cross-sections of 174 conjugated polymers. The mean value is about 11.2 nm 2 for the current sample under study. The wide distribution again reflects the size heterogeneity or aggregation of chains. Note that the histogram in Figure 3 may not fully reflect the distribution of the absorption cross-sections of these 
Letter molecules simply because of the detection limit of our current photothermal setup. For a meaningful discussion of signal strength and distribution, the SNR normally should not be lower than 10. 35 Then we estimate the minimum detectable absorption cross-section to be around 4 nm 2 under our current experimental conditions. The photothermal contrast could be slightly improved by using longer integration times, provided a good stability of the optical microscope and the photostability of the conjugated molecules are ensured.
To estimate the number of monomers in single polymer molecules by their experimentally measured absorption crosssection, we use the absorption cross-section of MEH-PPV per its monomer unit, that is, the molecular absorption crosssection normalized to the number of monomer units in the molecule. The cross-section per monomer unit of MEH-PPV is known from the literature to be 6.2 × 10 −3 nm 2 at 488 nm. 36 The number of monomers per individual chain deduced from their absorption cross-section is shown on the top axis of Figure  3a . From the specification of our MEH-PPV sample by the manufacturer, the average molecular weight M n is around 200 kDa. As the monomer molecular weight is 276 Da, the expected average number of monomers per chain is around 720, close to the smallest measurable number in our experiments. However, the absorption distribution of Figure 3a is considerably narrower than the large polydispersity (PDI = 6) indicated by the manufacturer. It is therefore reasonable to assume that sample preparation or selective effects in the detection has led us to a biased observation of the largest molecules. In any case, the number of monomers deduced from our measurements reasonably matches what is expected from the specification. To the best of our knowledge, our results are the first quantitative measurement of the monomer numbers in single conjugated polymers by photothermal microscopy. This useful information will help us to better estimate the fluorescence quantum yield of single MEH-PPV molecules. The quantum yield (QY) of an emitter is the ratio between the number of photons emitted and the number of photons absorbed under optical excitation, as written in eq 1:
The total number of photons emitted N emit is the fluorescent signal divided by the detection efficiency of the setup (taking into account the collection efficiency of all optics in the detection path and the efficiency of photon detectors), while the number of photons absorbed by a molecule N abs is written as the ratio between absorbed power and incident photon energy: (2) where N fluo is the measured fluorescence signal from a single conjugated molecule (counts per second); η det is the detection efficiency of our current setup and is estimated to be about 13% (see the Supporting Information); σ abs is the absorption crosssection of a single MEH-PPV molecule, deduced from the photothermal signal; I exc and v exc are the excitation intensity at the sample and the excitation frequency; and h is the Planck constant.
In Figure 3b , we plot the histogram of quantum yields for 174 molecules with an excitation intensity of 450 W/cm 2 . We can see that the quantum yield of these conjugated molecules is around 10%. In this evaluation, we will neglect the small fraction of absorbed energy re-emitted as fluorescence. As the fluorescence quantum yield is about 10% for conjugated polymers, the error involved is at most 10−20%, much less than the experimental accuracy. The measured quantum yield is close to the ensemble results reported in ref 37 .
We also had a look at the simultaneous transient traces of absorption and emission from individual MEH-PPV molecules. We measured simultaneous time traces of about 30 molecules and found most of them to show continuous bleaching in both fluorescence and absorption under continuous illumination. One example is shown in Figure 4 . A few molecules prepared by spin coating a mixture of PMMA and MEH-PPV in toluene on glass, however, showed clear blinking behavior (see Figure  S6 in the Supporting Information).
Two main types of transient fluorescence traces have been reported in the literature. 9, 14, 38 For the first type, single polymer molecules behave like fluorescent beads. They tend to have extended conformations. For these extended molecules, the energy transfer is inefficient, although some energy transfer can happen over a limited range of a few chromophores. Once a 
Letter trap is formed, it can only quench the few chromophores available within this limited range (a simple scheme is shown in Figure S7 in the Supporting Information). In this case, the fluorescence time traces normally show continuous decrease with the illumination time because of photobleaching. The second type of conjugated polymer fluorescence is attributed to collapsed conformations and is characterized by strong intrachain interactions. Excitons created upon photon absorption by the chromophores can migrate over large distances along the conjugated chain and relax toward low-energy traps, which give rise to the "funneling" effect. In this second case, emission mostly takes place from a few low-energy sites, 8 and time traces normally show blinking dynamics. It was also proposed previously that large parts of the collapsed molecule are completely quenched and behave as "dark matter", while only a few emissive chromophores are left. 30 The observed blinking behavior comes then from the blinking of these active chromophores due to energy funneling. The decays shown in Figure 4 seem to point to the first kind, extended conformations with limited energy transfer.
Discussion. In Figure 2 , we showed that the absorption and emission of single conjugated polymers can be measured simultaneously in near-critical xenon with the enhanced photothermal microscope, with an excitation power of a few hundred W/cm 2 . On the basis of the absorption signal, for the first time, we obtained the number of monomers in single MEH-PPV molecules, and evaluated their quantum yields. As mentioned in the Experimental Details, the conjugated polymers present a large distribution in molecular weight. Thus, it is not surprising that the histograms of both the absorption cross-section and the quantum yield show broad maxima as shown in Figure 3 . Because of the limited photothermal sensitivity, we could not detect the absorption of molecules with molecular weight smaller than 150 kDa. Figure 3a and b may only partially reflect the molecular weight heterogeneity in the sample. Although we cannot completely rule out that weakly emitting molecules may have been photobleached at the excitation power we used, or that molecules with dense collapsed conformations disappear more rapidly because of early quenching by photoinduced traps, the absence of any weak fluorescence spot in Figure 2b supports our belief that we observe all molecules in the sample. Because of the preparation of our sample, most of these molecules would be in extended conformations, with limited energy transfer only.
We noticed from Figure 2c that for different molecules, fluorescence correlates with absorption/photothermal signal in a sublinear way, even though the excitation power remained the same for all the molecules. Molecules with larger absorption tend to be relatively less florescent than the ones with smaller absorption. This trend becomes even clearer if we look at the scatter plot of the quantum yield against the molecular absorption cross-section, shown in Figure 3c . Each point represents one molecule in the simultaneous measurements. The quantum yield decreases significantly as the absorption cross-section increases. In other words, large molecules have lower fluorescence efficiency than small ones. We can propose two possible explanations for this observation. The first possibility is that molecules with large molecular weights have a larger concentration of chemical or physical defects such as kinks. Indeed, the probability of kinks increases for large molecules due to folding, topological constraints, and hydrodynamic forces they undergo during sample preparation and spin coating. These defects would then more efficiently quench the fluorescence of larger molecules. The second interpretation is that the reduced quantum yield is the result of exciton− exciton annihilation (singlet−singlet or singlet−triplet). Exciton−exciton collisions are obviously more likely in larger polymer molecules because of their larger absorption crosssection and of some limited energy transfer, which leads to a higher annihilation rate and to a lower quantum yield for larger molecules. 27, 38 Our current results alone do not allow us to distinguish which of these two mechanisms dominates. In principle, the role of exciton−exciton annihilation could be tested experimentally by varying the excitation power. However, such measurements are hampered by the very limited power range that can be used in single-molecule photothermal experiments because of conflicting requirements on signal level and photostability of molecules.
To propose a tentative answer to this question, we measured conjugated polymer films, where interactions between chains are supposed to be even stronger than in isolated molecules. Indeed, emission and absorption of conjugated polymer films are known to depend on excitation power. Before saturation, high excitation rates lead to nonlinear behavior such as exciton−exciton annihilation. We thus measured the fluorescence and photothermal signals with MEH-PPV films, which resist photobleaching better than isolated molecules, and which give good photothermal contrast at lower excitation power. Although the single-molecule and the film samples are very different, and the power dependence of their luminescence and adsorption may be different too, this comparison gives us a rough idea of the range over which absorption and fluorescence vary linearly with excitation power. Figure S3 of the Supporting Information shows a plot of fluorescence and photothermal signals of a MEH-PPV film as functions of the excitation power. Clearly, the power dependence of the two signals starts to deviate from a linear relationship at powers above 500 W/cm 2 . We attribute the deviation from linearity at higher excitation rates to exciton−exciton annihilation. These processes not only limit fluorescence, 27 but also appear to influence the photothermal absorption signal slightly. On the basis of those film measurements, we limited the excitation intensity of single molecules to 500 W/cm 2 . Therefore, we think it unlikely that the deviation from linearity seen in Figures 2 and 3 is due to exciton−exciton annihilation, and we rather attribute it to conformational defects of the chains. This question will have to be clarified in future investigations.
We now turn to the evolution of absorption and fluorescence signals of single molecules under continuous illumination. As we see from Figure 4 , both the fluorescence and the absorption of single conjugated polymer molecules decay with the illumination time. The absorption decay originates from the continuous bleaching of the absorbing units or monomers of single MEH-PPV molecules, and the fluorescence decay might have been expected to follow the absorption. However, fluorescence appears to decay faster than absorption, at least in the first 20 s or so. This is confirmed by the correlated plot of the fluorescence versus the absorption in Figure 4c . There, we binned the data to reduce noise in the traces, and we found a slope larger than 1 (1.34) in log−log scale for the fluorescence versus absorption dependency, that is, a superlinear behavior. Most of the molecules present a similar behavior, as shown in Figure S4 in the Supporting Information for another eight molecules. The superlinear relation between fluorescence and absorption found here differs strikingly from the sublinear one
Letter found on varying the molecular size. They must thus arise from very different physical mechanisms. We propose that the superlinear decay in the bleaching experiments results from fluorescence quenching by photoinduced traps. In this case, one trap formed by a photochemical reaction, although decreasing the absorption coefficient very little, can quench several nearby chromophores of the polymer chain by both static and dynamic mechanisms involving intrachain exciton migration, 23, 30, 39 on a time scale shorter than the lifetime of excitons. 23 That is why the absorption, being mainly due to all unbleached monomers, decays more slowly with illumination time than the fluorescence, which scales as the number of unquenched chromophores. At very long illumination times, the absorption signal eventually drops close to the background level. Because of the large noise and the inaccuracy of measurements, it is not clear whether the fluorescence and the absorption also decay in different ways for heavily bleached molecules.
Conclusions and Outlook. We measured the absorption and emission of individual conjugated MEH-PPV polymers simultaneously in near-critical xenon with an enhanced photothermal setup. For the first time, we showed direct measurements of the absorption cross-sections, the number of monomers, and the quantum yield of single conjugated polymer molecules. We observed that for larger MEH-PPV molecules, the quantum yield decreases. Complementary experiments on polymer films lead us to propose that conformational defects are mostly responsible for fluorescence quenching in larger molecules. In addition, the fluorescence and the absorption of single conjugated molecules showed different bleaching behaviors, that is, dependence on the illumination time. We attribute this behavior to photoinduced quenchers. The photophysics of conjugated polymers is strongly dependent on the conformation, host matrix, and sample preparation. Future simultaneous absorption and fluorescence transient traces and spectral measurements on different polymers and matrixes will provide more insight into the dependence of the optical properties of these complex systems on molecular conformation and host matrix. 
